Abstract-This paper reports on the design, fabrication, and testing of a low-actuation voltage Microelectromechanical systems (MEMS) switch for high-frequency applications. The mechanical design of low spring-constant folded-suspension beams is presented first, and switches using these beams are demonstrated with measured actuation voltages of as low as 6 V. Furthermore, common nonidealities such as residual in-plane and gradient stress, as well as down-state stiction problems are addressed, and possible solutions are discussed. Finally, both experimental and theoretical data for the dynamic behavior of these devices are presented. The results of this paper clearly underline the need of an integrated design approach for the development of ultra low-voltage RF MEMS switches.
I. INTRODUCTION

M
ICROMACHINING and microelectromechanical systems (MEMS) are among the most promising enabling technologies for developing low-power low-cost miniaturized RF components for high-frequency applications. Several universities and companies have developed RF MEMS switches [1] - [8] in the last decade that can be primarily classified as: 1) series or shunt; 2) fixed-fixed membranes or cantilever beams; and 3) capacitive or metal-to-metal contact type [9] . The main driving force behind this major research effort is the outstanding demonstrated RF performance of the MEMS switches from dc to 100 GHz compared to p-i-n diodes or FET transistors. Furthermore, electrostatically driven switches require only a few microwatts of dc power compared to several milliwatts that their solid-state counterparts dissipate. It is for this reason, as well as for the simplicity of their biasing networks, that most of the developed switches are electrostatic in nature.
These studies, however, have only limited their focus on the RF performance of MEMS switches and have provided little information on several important phenomena directly related to the inherent electromechanical characteristics of these structures. Their sheer interdisciplinary nature imposes a very tight coupling between the electrical and mechanical domains. For instance, thin-film residual stress and viscous damping may have a far greater influence on the performance of the device than intuitively anticipated. Moreover, the vast majority of the switches in the literature typically require a pull-in and hold-down voltage of 40-100 and 15-30 V, respectively. Whereas no difficulty exists in achieving these ranges in a typical laboratory environment, they may be quite challenging for handheld mobile phones, automotive vehicles, and similar wireless devices that rely on low-voltage power supplies. In addition, Goldsmith et al. [16] have shown that the lifetime of capacitive switches strongly depends on the applied actuation voltage. In particular, for capacitance switches, they experimentally observed a lifetime improvement of a decade for every 5-7-V drop on the switch pull-in voltage. Consequently, reducing the actuation voltage of MEMS switches may not only broaden the range of their possible applications, but also significantly enhance their performance. It would seem, therefore, that further investigations are needed in order to provide the MEMS engineer with complete and accurate information on the design and operation of these devices.
It is the purpose of this paper to present the results of our investigation on these issues. First, in Section II, we focus on the design of the low spring-constant beams that support the main switch structure. We also demonstrate a number of designs that resulted in switches with pull-in voltages of as low as 6 V. Section III discusses the effects of residual axial and gradient stress on the device performance and shows how minor design and fabrication details may have a significant impact on the final structure. Section IV concludes our study by presenting experimental and theoretical results on the dynamic behavior of the low-voltage MEMS switch.
II. SPRING CONSTANT AND ACTUATION VOLTAGE
A. Design
The mechanical design of most electrostatically based switches starts with considering the required dc actuation voltage. Equation (1) presents a widely cited formula (e.g., [8] for calculating the pull-in voltage of fixed-fixed beams or air bridges as follows: (1) is the equivalent spring constant of the moving structure in the direction of desired motion (typically the -direction), is the gap between the switch and the actuation electrode, is the free-space permittivity, and is the switch area where the electrostatic force is applied. Equation (1) implies that there are several ways that may decrease the required actuation voltage. For instance, reducing can significantly lower the pull-in voltage. Although this solution can be partly applied to lowfrequency applications ( 10 GHz), it will adversely affect the high-frequency off-state switch performance by compromising the switch isolation (for a series switch) or insertion loss (for a shunt switch). A second approach in lowering the pull-in voltage would be to increase the actuation area . This area, however, has to stay within reasonable limits, primarily imposed by our desire for miniaturized circuits. The third alternative, which offers the maximum design flexibility for a low-to-moderate actuation voltage, is to lower the switch spring constant, hence, designing a compliant switch. Fig. 1 shows an SEM picture of our proposed switch in a coplanar waveguide (CPW) configuration. The switch consists of three movable metallic plates, one over each conductor of the CPW line. These plates are connected together with three short beams (connecting beams) and the whole structure is connected to the substrate at four points (anchors) through four beams. Due to their shape, we will call these beams serpentine springs or folded-suspension beams. The switch is typically suspended 3-4 m above the CPW line and is electrostatically actuated when a dc voltage is applied between the switch and the CPW ground planes.
B. Fabrication
The fabrication process is fairly simple, requires only four masks, and is described in detail in [10] . The CPW line is typically made of Ti/Au (500/9000 ) and is defined first through a liftoff process. A plasma-enhanced chemical vapor deposition (PECVD) of approximately 1400-2000 Si N follows. Since the switch is made of metal (typically Ni), this dielectric layer is primarily needed during the actuation stage to prevent a direct dc contact between the switch and CPW line. Therefore, a positive photoresist intended to protect the Si N underneath the switch is deposited with a normal lithography and the remaining dielectric layer is etched through a reactive ion etching (RIE) process. After the photoresist removal, the sacrificial layer (polyimide or photoresist) is deposited and the switch anchor points are photolithographically defined. Afterwards, a seed layer (typically Ti/Ni 2000/500 ), is deposited, patterned, and electroplated. The last step is the removal of the sacrificial layer and the supercritical CO drying of the structure.
C. Spring Design
Since the mathematical details of the electrostatic actuation [including (1) ] have been extensively analyzed in the past [17] , [18] , we will just briefly describe the basic principle here. When no dc bias is applied, the switch presents a very small shunt capacitance (typically in the order of 30-50 fF) between the center conductor and ground planes. This is called the up or off state and the RF signal can propagate with minimal loss (typically with 0.1 dB at -band). On the other hand, if the applied bias exceeds the actuation voltage, the switch collapses on the dielectric layer underneath, resulting in a significant shunt capacitance, which is equivalent to an RF short circuit. This is called the down or on state and virtually all the incident RF power is reflected back to the source.
As was previously mentioned, the switch of Fig. 1 is connected to the substrate through four serpentine springs that are used to substantially lower the switch spring constant. If is the -directed spring constant for each one of the springs, the total switch spring constant is given by (2) Compared to simple cantilever beams of equal total length, these springs have the additional advantage of occupying considerable less space, but they also show higher spring constant. As will be shown, however, adding more meanders can significantly lower it without excessively increasing the required space. In the following, we calculate the spring constant of an -section meander [see Fig. 2(a) ] when a virtual force is applied at its free end. An analytical solution for a similar folded meander has been obtained by Fedder [19] and our analysis is based on his study.
Each meander of the whole spring is defined as the set of four beams: two primary beams of length and two secondary beams of length . Therefore, an -meander spring has 2 primary beams and 2 secondary beams. The switch shown in Fig. 1 , for instance, has a single-section meander ( ) with m and m. All the necessary dimensions and material constants for our switch are given in Table I . For the analytical calculation, it is assumed that all six degrees of freedom of the anchor point [point A in Fig. 2(a) ] are fixed. Moreover, the guided-end boundary conditions are applied for the free-end . In these equations, is the longitudinal dimension along each one of the beams.
Following the virtual work method, the total elastic strain energy of the meander is given by (4) where , , , and are defined in Table I . Finally, the spring constant is given by (5) along with the boundary conditions and (6) These equations lead to the following expressions for the reactions and :
and for the spring constant (9) Although (9) is lengthy, it is written in an intuitive way that may facilitate the design of these meanders or similar beams. The first two terms of the denominator represent the percentage of the spring constant that is due to beam bending (first term) and twisting (second term). In other words, these terms depend solely on the meander geometry and the ability of the beam material to bend and twist. The last two terms of the denominator are due to the boundary conditions of the meander moving end and correspond to its inability to rotate around the -and -axes. These two terms may have comparable magnitude to the first two and considerably increase the switch spring constant. Equation (9) was verified by a commercially available finite-element method (FEM) code [21] . The dimensions of Table I were input in the code and several linear simulations were performed for springs with 1-5 meanders. For each simulation, a concentrated -directed force of N was applied at the tip of the spring along with the necessary guided-end boundary conditions. The resulting deflection was then computed and the FEM spring constant was extracted as . Excellent agreement between the analytically and numerically computed spring constants is observed in Fig. 3 , which graphically presents the two spring constants as a function of the number of the meanders. This graph also illustrates that the serpentine spring constant is not significantly reduced after including four or five meander sections. Hence, three or four meanders would be a good compromise between low spring-constant requirements and space limitations.
D. Actuation Voltage Measurements
Five switch designs with 1-5 meanders in their folded suspensions were fabricated and measured. Except for the serpentine springs, all designs were identical and were fabricated on the same wafer by the same fabrication process. For each design, we measured the pull-in voltage using an HP 4275A multifrequency LCR meter with an internal bias option. These measurements are presented in Table II, and an initial gap of m. The reason for this higher gap is that, although the sacrificial layer thickness was 4 m, the induced residual stress across the structure caused a slight out-of-plane deflection, which, on average, increased the total distance from the substrate to 5 m. We will discuss stress issues in more detail in Section III. Fig. 4 also shows the measured dc capacitance of the switches as a function of the applied bias voltage and the number of meanders.
These data reveal several discrepancies between the simulated and measured results. The first dissimilarity is the fact that the measured pull-in voltages are 5-10 times higher than the theoretically calculated ones. The second and most interesting one is related to the percentage of the spring-constant reduction as the number of meanders is increased. For example, when the number of meanders was increased from one to two, the experimentally extracted spring constant was decreased by 46%, while the theoretical calculations predicted 53%. Although these results are in fair agreement, this is not the case for switches with more meanders. The switches with five meanders, for instance, had 70% lower spring constant than the ones with four. According to (9) , however, this number should be close to 30%. Fig. 5 graphically illustrates these observations for all cases. All these issues are due to the high intrinsic axial stress built into the Ni layer during the fabrication and are studied in Section III.
E. Stiction and Top Electrode Design
Although low spring constant is essential in obtaining lowvoltage switches, preventing down-state stiction is equally important. A low-voltage switch experiences a relatively weak restoring force while in the down state, which may not be sufficiently high to pull the switch up, particularly in humid or contaminated environments. This drawback of this family of switches can be overcome by including top electrodes. Fig. 6 illustrates the idea of fabricating a metallic plate (top electrode) above the switch. By applying a dc voltage between this top electrode and switch, the switch can be pulled up from the down state, even if the restoring force is not sufficiently high. Fig. 7 shows an example of a four-meander switch with top electrodes over the dc switch pads. There is no electrode suspended above the center conductor pad because such an elec- trode would significantly deteriorate the up-state switch capacitance. These top electrodes are very stiff fixed-fixed plates (5-6-m-thick low-stress electroplated Au) with a spring constant higher than 2300 N/m. Any movement of these electrodes would require voltages in excess of 250 V and, compared with the switch, they can be considered as static plates. Additionally, they provide stabilization to the overall switch structure against severe mechanical shocks. Measured and theoretical results of switches with top electrodes and power measurements of the same switches are reported in [22] .
III. INTRINSIC RESIDUAL STRESS ISSUES
Although the previous analysis allows for a first estimate of the switch spring constant and pull-in voltage, it does not account for any intrinsic residual stress on the structure. Residual stress, however, is developed during the fabrication of most microstructures and typically presents most of the major challenges in developing these devices. Under this stress, thin-film structures can experience undesirable deformations, which may be significant, particularly for high-aspect ratio structures. Additionally, many MEMS switches must satisfy very stringent requirements for reliable performance, including being planar over the circuit underneath it. Any undesirable buckling or curling may easily deteriorate the performance of the switch, or lead to the complete failure of the device. A lot of attention, therefore, has to be paid to residual stress and its effects on compliant structures before any successful devices can be developed.
When a thin film is deposited on a sacrificial layer at a temperature lower than its flow temperature, then intrinsic stresses develop in the film-sacrificial layer system [23] . A number of studies have been already performed to theoretically explain the mechanisms of these stresses [24] , [25] and to experimentally measure their effects [26] , [27] . Nonetheless, in general, thin-film stress is complicated and heavily depends on the specifics of the fabrication process. There is also very little information for metallic microstructures built by thin-films depositions and effective ways that can control its stress and/or its effects. This section illuminates the most important stress-related challenges for developing low-voltage switches. 
A. Gradient Residual Stress
A general uniaxial residual stress field in a thin film can be represented as [26] (10) where is the film thickness and is the coordinate across the film thickness, with its origin at the mid-plane of the film. For a first-order approximation, the total stress can be calculated as (11) This equation implies that the total stress can be expressed as a superposition of the constant mean stress (positive or negative depending on whether the film is in tension or compression) and a gradient stress about the mid-plane (see Fig. 8 ). The effects of the gradient stress are analyzed in this subsection and those of the mean stress in the following one.
It is widely known that residual gradient stress causes undesirable out-of-plane deformation. Fig. 9 shows two examples of extremely warped switches. These switches were 4-m thick and the maximum deformation, defined as the distance between the higher and lower switch points, was on average 30 m. This deformation was recorded for switches 640-m long (not counting the length of the meanders), but increased to 70-80 m for switches close to 1-mm long. This substantial deformation renders both structures unusable because: 1) the required actuation voltage is much higher than the design value ( 80 V) and 2) the up-state switch RF capacitance is considerably higher than anticipated ( fF, instead of 50 fF). The sacrificial and seed layers that resulted in such a stress were the polyimide DuPont PI2545 and an evaporated Ti/Ni (1500/500-) layer, respectively. The switches were then electroplated in an Ni solution (Nickel Sulfamate, Barrett SN by Mac Dermid) with a steady current density of 4 mA/cm for approximately 30 min. The induced stress with this fabrication process was repeatable over a period longer than six months.
This switch shape under residual gradient stress was also theoretically validated using SUGAR. 1 Fig. 10 shows the simulated switch shape, which agrees very well with the fabricated switches. The maximum gradient stress value in the software was varied until the measured maximum deflection was obtained.
One way to alleviate this problem without increasing the actuation voltage is to selectively increase the switch thickness [28] . In this technique, the main switch body thickness is increased to 6-8 m, but the springs remain 2-m thick [see Fig. 11(a) ]. This process utilizes the following two electroplating steps:
Step 1) The switch and the springs are plated.
Step 2) The switch main body is subsequently plated again until it reaches a thickness of 6-8 m. Due to some adhesion difficulties between the two plated structures, the process was slightly changed by plating only a switch frame during the first step instead of the whole switch [see Fig. 11(b) ]. This improvement resulted in a 98% yield.
The drawback of this technique, however, is that, although it limits the switch warping to 1-3 m and may prove useful for other types of MEMS devices, it also results in less conformal switches with lower down-state capacitance than the original switches.
We experimentally found that a better solution is to sputter deposit the Ti layer (instead of evaporating) above the sacrificial layer. More specifically, the Ti sputtering process is performed with The University of Michigan at Ann Arbor sputtering tool with a dc source calibrated to deposit 90 min under 7 mT of Ar pressure. The actual deposition is typically done for 25-26 min, resulting in a film of 2250-2350 of Ti. After the sputtering process is completed, the sample is immediately (in order to minimize Ti oxidation) taken to the Ni e-beam evaporator where 500 of Ni are deposited. It is also very important to point out that nothing else is changed in the process, including the Ni electroplating solution, current density, and sacrificial layer etching. Furthermore, this process can be followed with either polyimide or photoresist with negligible differences. Although the latter switch was fabricated with three meanders instead of one, no appreciable difference in the warping profile was observed. The maximum measured deflection (as defined in Fig. 9 ) for both of them is approximately 0.5 m. This corresponds to less than 0.1% of the main switch length (640 m) and does not affect the RF switch performance since it is strongly localized at the end of the dc actuation pad.
The improved fabrication process was also tested with switches only 1-m thick, 680-m long, and 240-m wide. Two of these switches are shown in Fig. 12(b) and (c). Both switches include one meander, but in the first one, we have replaced the straight connecting beams with a second meandering beam. Evidently both structures are fairly plane and their residual gradient stress is nearly negligible. The first one, however, exhibits somewhat straighter profile, which is related to the axial residual stress, analyzed in the following section. This meandering connecting beam was originally employed to increase the shunt switch inductance [11] , but it also proved useful in releasing the in-plane switch stress. As for the three short connecting beams, the slightly less plane switch may not appear very appealing at first, but it is very useful in limiting the high-frequency up-state insertion loss because it substantially reduces the up-state capacitance (by 50%-70%). Furthermore, the pull-in voltage increase is negligible (both structures actuate with 15-20 V) because most of the electrostatic force is concentrated on the ground-plane switch pads. Finally, both structures experienced some warping along their width, but this did not prove to be a problem. The switches were thin enough that were able to conform on the dielectric surface in the down state.
B. In-Plane Residual Stress
In-plane residual stress primarily increases the switch spring constant and is, therefore, essential to control it within reasonable limits. It was experimentally found [27] that the induced tensile stress during the fabrication process was in the order of 150 MPa. A first-order approximation that shows the impact of this stress on the spring constant is analyzed in [29] where the deflection of a guided-end cantilever is calculated under simultaneous axial tension and concentrated transverse loading. The maximum deflection at the tip of the beam is given by (12) where is the axial tensile load, is the transverse concentrated load at the tip of the beam, is the length of the beam, and is defined by (13) This leads to the following expression for the spring constant:
Fig . 13 shows the variation of the normalized spring constant and the associated actuation voltage (with respect to the spring constant and actuation voltage of zero axial stress) for an axial tensile stress of 0-300 MPa. This figure clearly demonstrates the considerable impact of the axial stress on the switch actuation voltage. For instance, a tensile stress of 150 MPa would increase the pull-in voltage of a switch suspended by four cantilever beams by over three times. The serpentine beams shown in Fig. 2 exhibit higher flexibility in handling the in-plane mean stress than the simple cantilever beam. In other words, as the number of meanders is increased, not only is the -directed spring constant reduced, but also the lateral ones. To show this effect, the -and -directed spring constants were calculated with a similar process to that of Section II. The -directed spring constant can be expressed as (15) where and are calculated by Similarly, the -directed spring constant is given by (18) where (19) (20) Linear FEM simulations verified the previous formulas and the results are given in Fig. 14 . From this figure, we clearly observe that the spring constant of the serpentine spring is greatly reduced as the number of meanders is increased. For instance, a spring with three meanders is 177 times more flexible along the -dimension than a spring with one meander. As a result, such a spring can help release the axial switch stress along its long dimension much more effectively than a spring with one meander. In other words, springs with many meanders are much more effective as stress buffers than springs with one only one meander. A similar tendency exists for , which decreases by a factor of 5.2 when the meanders are increased from one to five. These results provide a qualitative explanation for the trends observed in Fig. 5 .
IV. MEMS SWITCH DYNAMIC BEHAVIOR
Switching speed is one of the few disadvantages of MEMS components compared to p-i-n diodes and FET transistors. While their mass is typically very small (in the order of 10 to 10 kg), inertia due to mechanical movement still limits their speed typically in the order of a few microseconds. The fastest switch thus far has been developed by researchers at the Massachusetts Institute of Technology (MIT) Lincoln Laboratories [3] . It is a very compact cantilever switch (less than 50-m long) with a speed of approximately 1 s. This very low speed is primarily due to its very small dimensions, mass, and limited squeeze-film damping. It does require, however, a high pull-in voltage of 50-60 V, while it is typically actuated with 70-80 V. Low-voltage switches are generally expected to be slower since they typically have to move a relatively large actuation area. This is particularly true if the switch is expected to operate in air or another gas environment, such as N for limiting the humidify level around the structure.
The switching speed is measured by recording the change in the power transmitted through the switch when a step voltage is applied at the bias of the device (Fig. 15) [30] . The RF input signal at 40 GHz is provided by an RF synthesizer, while the RF output signal is recorded by a high-frequency diode detector. The biasing signal is provided by a suitable combination of two dc power supplies and an inverter. Fig. 16 presents two typical measurements taken with this set-up for three-meander switches. The measured switches were suspended a mean distance of 5 m above the CPW line and the applied bias voltage was only 20%-30% higher than their actuation voltage. Both pull-in and release times were measured for these switches. Pull-in time is the time it takes the switch to touch the dielectric underneath it. On the other hand, the time that is required for the switch to move from the down state to its original height (or within 5% from this value) is defined as the release time. Fig. 16 shows that the actuation and release times are approximately 52 and 213 s, respectively. However, for the release time measurement, it takes the switch only 25 s to reach its normal height, but another 190 s are needed to settle within 5% of its original height. It is also interesting to note that, during the first 30 s of the actuation stage, the switch does not move significantly. These effects will be discussed in the remainder of this section.
To explain the experimental results, we employed a simple one-dimensional (1-D) nonlinear model that has been adopted by several researchers [17] , [31] , [32] . This model treats the switch as a single lumped mass and applies classical Newtonian mechanics to predict its behavior under the applied electrostatic force. A model that would accurately predict the dynamic behavior of the MEMS structure should integrate a good understanding of several different phenomena including electrostatics, mechanics, residual stress, contact forces, compressible squeeze film damping, and impact effects on a microscale. Many of these areas are currently under investigation and there is not a complete model that would account for all of these effects. Furthermore, our switch is a relatively large structure that cannot be perfectly approximated as a lumped mass. Nevertheless, the 1-D model can be used for an at least qualitative explanation of the measured switch behavior and provide reasonable approximations for the switching times.
The following equation of motion if the basic formula for the 1-D model: (21) where is the switch mass, is the damping coefficient, is the switch spring constant in the direction of motion, is the switch actuation area, is the initial gap, and are the dielectric layer constant and thickness, respectively, is the applied dc voltage, is the electrostatic force, and is the contact force when the switch touches the dielectric. Several approximations may be adopted for calculating the parameters in this model. For instance, although the viscous damping can be considered constant for small displacements, this is not the case when the switch is moving completely toward the substrate. Our model for the switching speed calculations is based on the discussion presented in [31] and [33] where these effects are taken into account. These equations can be summarized as follows: (22) where
Equation (24) calculates the switch quality factor and takes into account the damping dependence on the switch height. If this is ignored, the second term of the right-hand side should be replaced by one. Furthermore, the third term reduces the gas flow resistance underneath the switch because of the slip effect, where particles can have fewer interactions before escaping [34] . The variable of this term is the called the mean free path and is approximately 0.1 m at standard temperature pressure (STP). The damping coefficient, which is related to by (23), has been derived in [35] for a square plate with area as (26) where is the air viscosity (at STP Pa s). For the switch dimensions and for a gap of m Pa s and (for N/m). However, the holes included in the switch allow the air underneath to escape more easily, thus reducing the damping coefficient and increasing the of the structure. Therefore, this value can be considered as a low bound for the switch quality factor. In fact, our experimental results suggest a quality factor of about two. The final equation of the model (25) was used to provide a stable solution to the simulation when the switch contacts the dielectric layer. Fig. 17(a) shows the simulated results for the pull-in and release time. A spring constant of 8.6 N/m (Table II) and an actuation voltage of 25% higher than the pull-in voltage have been used for these simulations. These simulations provide a valuable insight in the measured dynamic behavior of the switch. The pull-in time, for instance, is approximately 50 s, from which approximately 30 s are needed for the switch to move from 5 to 3.5 m. The RF capacitance, however, does not change appreciably between this distance and this explains the relatively long period that is required to note any difference between the measured output power level (see Fig. 16 ). On the other hand, during the release stage, the switch reaches its original height within 35 s, but 140 additional microseconds are required for stabilization within 5% of its original height. We have also plotted in the same figure the simulated release time assuming a constant quality factor . Evidently, taking into account the quality-factor variation versus height is of vital importance for meaningful simulations. The problem of the long stabilization time can be easily corrected by decreasing the quality factor by approximately one. Fig. 17(b) shows the simulated release time for quality factors of 2, 1.5, and 1. This figure clearly demonstrates that the release time can be decreased by more than three times if a lower quality factor is achieved. This can be done by optimizing the hole orientation on the main switch structure and by reducing their number per unit area. This change will not appreciably increase the pull-in time, as shown in Fig. 17(c) . For example, for , the pull-in time will be increased by only 10%, yet the release time will be reduced by 300%. Consequently, an optimization of the switch holes can lead to a design with switching times in the order of 50-60 s.
V. CONCLUSIONS Low-voltage RF MEMS switches have been studied in this paper. The design, fabrication, and testing of these structures has been thoroughly discussed and switch designs with as low as 6-V actuation voltages have been measured. Moreover, residual stress issues associated with this family of switches have been addressed and it has been experimentally demonstrated that sputtered seed layer films result in devices with superior performance when compared with evaporated films. Furthermore, the dynamic operation of low-voltage switches has been experimentally and theoretically characterized and adequate switching speeds in the order of 50 s have been achieved. Sergio P. Pacheco was born in Salvador, Bahia,
